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IW'l!RODlICTIoB AND BACKOROLIHD 
Responding to recent technological advances and renewed environmental concerns 
reauires imDroved characterization of Illinois and other US coals. Much of the 
existing trace element data on Illinoie coals are on channel samples; these data 
need to be supplemented with data on as-shipped coale. Such data will provide 
a factual basis for the aseeesment of noxious emissione at coal-fired electric 
power plants. 

The Clean Air Act of 1990 [Public Law 101-549, 19901 identified many trace 
elements as "Hazardous Air Pollutants" (HAP) (Table 1). A parallel regulation 
is also underway in Illinoie [Illinois Pollution Control Board, 19901. All Of 
theee HAP elements are present in Illinois and other coals [Gluskoter et al., 
1977; Harvey et al., 19831 in widely varying amounts. Utilities are presently 
exempt from having to consider emiesione of trace elements$ however, this may 
eventually change after the U.S. BPA completes its risk analyses and establishes 
emission standards. A database of trace element concentrations in the coals used 
by utilities is a prerequisite to defining the problem and establishing workable 
regulations. 

Human sources constitute significant portions of the total global input of most 
trace elements into the atmosphere (Pig. 1). Bmissione of trace elements from 
coal-fired power plants vary widely among countries and regions, reflecting 
varying trace element concentrations in coals from different sources. Among 
human sources, energy production (electrical utilities and industrial/domestic 
sector) is estimated to account for major portions of atmospheric emissions of 
Hg, Ni, Se, Sn, and V and lesser, but still significant, portions of As, Cd, Cr, 
cu, Mn, and Sb. oil combustion contributes larger portions of Ni, Sn, and V 
emiseione than does coal combustion [Nriagu and Pacyna, 19881 Clarke and Sloes, 
1992 1. 

During combustion, trace elements in feed coals are partitioned among gas (flue 
gas), light particulate (fly ash), and slag/aeh phases (Pig. 2). Typically, Hg, 
Br, C1, P, and Rn end up in the flue gas; Ae, Cd, Ga, Ge, Pb, Sb, Sn, Te, T1, and 
2n in fly ash; and Eu, Hf, La, Mn, Rb,  Sc, Sm, Th, and Zr in slag/aeh deposits. 
Others show mixed affinities. 

Swaine [l989] reviewed the environmental aspects of trace elements in coal. With 
respect to combustion, modern electroetatic precipitators can trap up to 99% of 
the fly ash. Swaine concluded that, in general, no trace element posed a 
significant environmental problem. This assumes that state-of-the-art 
electrostatic precipitators are used at the power plants and that the coals 
burned do not have exceptionally high concentratlone of noxious elements that 
would be emitted in a gas phase. Deep physical cleaning of raw coal would reduce 
the levels of those elements that are associated with minerals [Capes et al., 
1974; Gluskoter et al., 1977; Cavallaro et al., 1978; Norton and Markuezewski, 

The purpose of thie study was to determine trace element concentrations in as- 
shipped coals from Illinois mines, and compare the results with data on channel 
samples that represent coal in place prior to mining. Samples of 34 as-shipped 
samples were collected and analyzed for trace, minor and major elements, 
including the 18 HAP elements and others identified to be of greatest 
environmental concern by the U . S .  National committee for Geochemistry [ 19801 ~ 

Results on 20 of theee elements of environmental concern are reported and 
diecussed here. Radioactivity of the as-shipped coal samples was calculated from 
concentratlone of U, Th, and R in the samples. Future work will concentrate on 
evaluating the further beneficiation of the as-shipped coal samples by fine coal 
cleaning. 

19891. 

BXPEaIyglpTAL 
SmpleS M d  Sample Regions 
Cleaned (as-shipped) eamples of Illinois coals were collected from each of 33 
preparation plants and from a mine that sells its coal after crushing. In most 
cases, the samples were Splits from automatic samplers. Multiple cuts were taken 
across the coarse output belt over a period of 4 or more hours (cornonly 8 to 24 
hours) to obtain a representative sample. In some cases, the sample was 
collected from a stock pile, taking 15 to 20 widely spaced increments with a 
sampling shovel. All samples were sealed in 5 mil plastic bags or in 5 gallon 
plastic buckets and transported or mailed to our laboratory within two days. 
Within a week, the samples were homogenized riffled, crushed, and packaged at our 
sample preparation laboratory, according to the procedure described in Figure 3. 

To maintain confidentiality of the results with respect to individual mines, the 
Illinois coal field was divided into five multi-county regions (Fig. 4); only the 
regions from which the samples came from were identifled. 

RnalySSS for Trace Elements 
Each of the 34 samples was analyzed for trace, minor, and major elements. These 
elements, their method of analysis, and the precision and accuracy of the methods 
are shown in Table 2. 

RESULTS AWD DISClJSSION 
Trace Elemant Datnbase 
Our computerized database contains trace element information on 900 samples 
(Table 3). Figure 5 identifies the 60 elements for which concentrations are 
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available on many samples in the database. The most useful records are from the 
222 channel or equivalent samples which represent coal in-place prior to mining 
and cleaning. ~ a b l ~  4 and Figure 6 give the averages and variabilities for 20 
critical environmental elements for channel samples from IllinOiS. 

Trace Blements and Radioactivity i n  34 Ae-shipped samples 
The Concentrations of most of the environmentally critical trace elements in the 
34 as-shipped coals (Table 4) vary less widely than those in the channel samples 
(compare Figs. 6 and 7). comparison of the data from channel samples and from 
cleaned coals indicates that conventional coal cleaning can reduce the state-wide 
mean Concentrations of trace elements in channel samples up to 672 (Pig. 81, 
except for u (126 enrichment). The reduction in elemental concentrations results 
frOm the reduction of mineral matter and some leaching by the process water. The 
enrichment of u in the as-shipped samples relative to channel samples suggests 
that this element l a  primarily associated with the organic material. Harvey et. 
a1 119831, who calculated organic affinities from washability tests for Illinois 
coals. also concluded that u had organic affinity. However, even if U were 
largely associated with the organic matter, it would likely be located in very 
fine mineral grains disseminated within the organic matter [Finkelman, 19818 
Clarke and sloss, 1992). 

It should be pointed out that, for a given mine, channel samples do not 
necessarily represent those portions of the seam where feed coals for as-shipped 
samples were mined. Therefore, the average trends of trace element reductions 
observed in Figure 8 may not hold for individual mines, as Figure 9 indicates. 
Zinc enrichment shown in Figure 9 suggests that the channel samples had been 
preferentially taken from low-Zn parts of the seam in a mine from the NW Coal 
region. zinc is concentrated in structurally disturbed zones of the seam which 
are mined but were not channel-sampled. 

Because the channel samples were analyzed for fluorine ( F )  by an old technique, 
which tends to underestimate F in many coal samples [wong et al, 19921. the F 
data from the channel samples and from as-shipped coals cannot be compared to 
evaluate the fate of F during coal preparation. At present, F analysis is 
carried out according to Australian hydropyrolytic procedure standard 

The natural radioactivity of coal, which is derived from the decay of Th-232, 
U-238 and U-235, and X-40. can be calculated from the observed masses (weights) 
of V, Th, and K [Cahill, ISGS, personal communication]. The calculated 
radioactivity data for coals agree with observed radioactive measurements [Coles 
et al., 19781. Table 5 shows that for cleaned Illinois coals, the contribution 
to radioactivity from U and Th is relatively small compared to that from X, which 
contributes to background radioactivity not only in coal but in all natural 
environments. 

SUmlnRY Am coRausIoNs 
A database on trace elements in channel samples of Illinois coals was used to 
show the degree of reduction of key environmental elements in 34 as-shipped coals 
from Illinois mines collected and analyzed for this study. The results indicate 
that the atate-wide mean concentrations of all tested trace elements, except U, 
are reduced in the cleaned coals relative to those in the channel samples that 
represent coal in place prior to mining. Because elemental concentrations in 
coal vary widely from place to place and coal to coal, only mean concentrations 
from a large number of channel and as-shipped samples should be compared. Better 
yet, washability studies on individual samples should be done to assess the 
degree and limit of the removal of trace elements from coal during coal 
preparation. 
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 abl le 1. Elements analyzed in project samples 
Elements regulated. 
and analyzed Other elements analyzed 
Antimony Aluminum 
Arsenic Boron 
Beryllium Calcium 
Cadmium Carbon 

Chromium Hydrogen 
Cobalt Iron 
Fluorine Lithium 

Manganese Nitrogen 
Mercury oxygen 

Polonium # Pot ass ium 
Radium # silicon 
Radon # Sodium 
Selenium Sulfur 
Thorium Titanium 
Uranium Vanadium 

Chlorine Copper 

Lead Molybdenum 

Nickel PhoephOruE 

Zinc 

q 
# Radioactive isotopes of these elements were calculated 

from the analytical concentrations of Th and U. 

Table 2. Relative precision and methods f o r  minor and trace elements 

Re1 a t i ve  Average 
Precision detection M e t h o d '  

Element % l i m i t  YDXRF AAS XNAA OEP EOX PymIC 

MINOR oxides 
A 1 A  ash 3 0.1 % X 
cso ash 3 0.02 % X 
Fez% ash 3 0.01 % X 

ash 5 0.1 % X fld ash 5 0.01 % X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
MnO coal 7 3 Ppn X 
pzos ash 5 0.02 % X 

ash 2 0.01 % X 
ash 1 0.1 % 

KPO sio, X 
Na,O ash 5 0.05 % X 
T i 4  ash 3 0.01 % X 

As coal 7 1 ppn X 
B ash 15 10 ppn X 

Be ash 5 0.5 ppm X 
Cd ash 10 2.5 ppn X 
co coal 5 0.3 ppm X 

C r  coal 10 7 ppn X 
t u  ash 5 2.5 ppn X 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TRACE elements 

- _ _ _ _ - - - - _ - - - - - - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

F coal 10 20 ppm 
coal 15 0.01 ppm X** 

Mo ash 25 10 ppn X 
Mo ash 25 10 ppn X 
MO coal 20 10 ppm X 
N i  ash 10 15 ppm X 
Pb ash 20 25 ppm X 

Pb ash 20 10 ppn X 
Sb coal 10 0.2 ppm X 
Se coal 10 2 ppm X 
Th coal 5 0.4 ppm X 
U coal 15 3 ppn X 

Y ash 3 8 ppm X 
Zn ash 7 1.5 ppn X 

2 ash 12 5 ppm X - - - - - - - - - - _ - - - - - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

_ - _ - - - - - _ - - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

- - - - - - - - - - _ - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

X 

YDXRF - wave length-dispersive x-ray fluorescence spectmmetry 
AAS - atunic absorption spectrometry 
INA4 - instrumental neutron act ivat ion analysis 
OEP - op t i ca l  emission (photographic) spectrometry 
PyroIC- pyrohydrolysis and ion  c h m t o g r a p h y  

** Hg by cold vapor atomic absorption spectmmetry 
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W l a  5 .  Natu ra l  r a d i o a c t i v i t v  in as -eh imed  11Lh&@ coals 
Th-232 U U-238 U-235 

Th series series ** series*** R K-40 
Beaion I - )  IBalka) I D W ~  W k o )  1 W k o )  Im) 1Ba'kgl 

A l l  mean 1.5 6.0 2.2 27.8 0.68 2039 63.2 
s tddev  0.4 1.6 1.9 24.0 0.59 792 24.6 

m mean 1.2 4.7 2.1 25.6 0.6 1676 51.9 
s tddev  0.3 1.2 2.3 28.0 0 .7  427 13.2 

sw mean 1.6 6 .6  2.7 33.7 0.82 2122 65.8 
etddev 0.3 1.1 0 .7  8.5 0.21 1559 48.3 

sc mean 1.7 6.8 0.9 11.7 0.29 2225 69.0 
s tddev  0 . 6  2.4 0.2 2.7 0.07 650 20.2 

SE mean 1.5 6.1 2.9 40.0 0.90 2163 67.0 
tddev .o 6 

** 0238. Th234, U234, Th230, Ta226, Rn222. Po218. Pb214, BL214. Po214, Pb210, 

*** 0235, Th231, Pa231, ACZ27, Th227, Ra223, PbZ11, B i 2 l l  

Th232, R8"28, Ac2%:, Th22,'. Ta224, '&\20, pzo92i26, Pb2%?Bi212,5~~212,  ;lit8 

Bi210, Po210 
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Figure 1. Global  emissions o f  trace elements  i n t o  a tmosphe re (a f t e r  Nriagu,  1990) .  

PartlCUlateS 

Figure 1.  
( a f t e r  C l a r k e  and 81ose.1992). 

Behavior o f  trace elements du r ing  coal combustion and g a s i f i c a t i o n  

PIRnE S\zE .?E 
ULTIMATE. PROXIMATE, EIC. .zJ 

TRACE and MINOR ELEMENTS .W EQ MOIsTvRE.lS 

Figure 3. 
sample is g iven  a f t e r  t h e  i n d i c a t e d  test. 

Flow c h a r t  f o r  sample p repa ra t ion .  The weight ( l b s )  o f  t h e  l a b o r a t o r y  
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Figure  4 .  sample regions of I l l i n o i s  coa l  f i e l d .  

Figure 5 .  Analy t i ca l  r e s u l t s  on t h e s e  60 elements (shaded) are a v a i l a b l e  f o r  
many sample-records i n  t h e  ISGS database of t r a c e  elements i n  coa l .  
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Pigura 6 ,  V a r i a b i l i t y  of t r a c e  element concen t r a t ions  in channel samples of 
I l l i n o i s  c o a l s ,  a l l  r eg ions  (excluding NE r eg ion ) .  Ftelat ive s t anda rd  
d e v i a t i o n  war ob ta ined  by d iv id ing  s tandard dev ia t ion  by mean and mul t ip ly ing  
t h e  r e s u l t  by 100. Numbers over b a r  i n d i c a t e  average concen t r a t ions  of  a sh  
(ut*) or trace elements  (mg/MBTU). 
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Figure 7. Variability of trace element concentrations in the 34 as-shipped 
coals, all regions (excluding NE region). Relative standard deviation was 
obtained by dividing standard deviation by mean and multiplying the result by 
100. Numbers over bar indicate average concentrations of ash (wtr) or trace 
elements (mg/mm). 
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Figure 8 .  Reduction of trace element concentrations in as-shipped coals 
relative to those in the databaee channel samples, mean of state, excluding 
samples from NE region. 
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Figure 9. Reduction of trace element concentrations in the as-shipped coal 
relative to those i n  channel samples from a mine in the NW region. Data for 
Cd and Pb was not sufficient to c+te the reduction for these two elements. 
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